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In the corpuscular picture of black hole there exists no geometric notion of horizon which, instead,
only emerges in the semi–classical limit. Therefore, it is very natural to ask – what happens if we
send a signal towards a corpuscular black hole? We show that quantum effects at the horizon scale
imply the existence of a surface located at an effective radius R = Rs(1 + ) slightly larger than the
Schwarzschild radius Rs, where  = 1/N and N is the number of gravitons composing the system.
Consequently, the reflectivity of the object can be non–zero and, indeed, we find that incoming waves
with energies comparable to the Hawking temperature can have a probability of backscattering of
order one. Thus, modes can be trapped between the two potential barriers located at the photon
sphere and at the surface of a corpuscular black hole, and periodic echoes can be produced. The
time delay of echoes turns out to be of the same order of the scrambling time, i.e., in units of Planck
length it reads
√
N logN. We also show that the –parameter, or in other words the compactness, of
a corpuscular black hole coincides with the quantum coupling that measures the interaction strength
among gravitons, and discuss the physical implications of this remarkable feature.
I. INTRODUCTION
Black holes have challenged physicists for very long
time and posed very intriguing questions which still
lack of definite answers. Not only there are issues with
classical singularities [1] but also semi–classically their
dynamics appears paradoxical [2–4] mainly due to the
violation of unitarity of quantum fields evolving in
a curved background. The main reason behind such
inconsistencies relies on the failure of the standard
semi–classical treatment which neglects the back–
reaction of Hawking radiation on the black hole and the
intrinsic quantum nature of the gravitational interaction.
In the past decades several attempts have been made
to find a resolution to these puzzles. In this paper, we
discuss a somewhat natural approach in which black
holes are treated as composite quantum systems made up
of quanta [5–7]. In this picture, black holes of arbitrarily
large mass are assumed to be self–sustained gravitational
bound states of soft gravitons whose wavelength is of
the same order of the size of the system itself. More
precisely, a quantum black hole can be represented as a
condensate of gravitons stuck at the critical point of a
quantum phase transition [8]. The quantum criticality is
the crucial property in order to explain the microscopic
origin of the holographic degrees of freedom [8–10] and to
show the logarithmic scaling of the scrambling time [11]
which was previously conjectured in Refs. [12, 13]. One
often refers to corpuscular black holes or black holes’
portrait when adopting such a quantum microscopic
description; see also Refs. [14–19] for a complementary
view and Ref. [20] for a review.
Let us emphasize that our point of view does not
rely on any ultraviolet completion of gravity, therefore
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it drastically differs in spirit from other approaches
based, for example, on string theory like the fuzzball
paradigm [21]. Instead, we assume that all the main
features of macroscopic black holes can be simply
captured in terms of quantum interactions among
weakly–interacting soft (low energy) gravitons by using
an effective field theoretic approach. In other words,
all the whole black hole properties can be explained as
originating by a collective quantum phenomenon.
In this manuscript, we are interested in exploring
new physical aspects of corpuscular black holes, in
particular to understand what happens if we send
a signal towards them. Quantum mechanically no
geometric notion of horizon can exist, indeed we show
that the size of such a gravitational–quantum system
does not strictly coincide with the Schwarzschild ra-
dius but is slightly larger due to quantum effects at
the horizon scale. This means that the surface of a
corpuscular black hole is characterized by a non–zero
reflection coefficient. This last property leads to powerful
physical implications, like the existence of echoes [22–24].
The paper is organized as follows. In Section II,
we briefly review the main aspects of the corpuscular
picture of a black hole. In Section III, we define the
effective radius and the compactness of a corpuscular
black hole, and show that quantum effects at the horizon
scale can be parametrized in terms of 1/N corrections,
with N being the number of gravitons composing the
system. Subsequently, we estimate the reflectivity
of a corpuscular black hole and discuss the existence
of echoes which are a key property to discriminate
between (semi–)classical and quantum black holes. In
Section IV, we show that the compactness parameter
of a corpuscular black hole coincides with the quantum
coupling of the graviton–graviton interaction strength,
and discuss the physical implications. Section V is
devoted to summary and concluding remarks.
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2Throughout the paper we adopt the mostly positive
convention for the metric signature, (− + ++), and set
c = 1 = kB while keeping ~ 6= 1 6= G. In these units
the Planck length and mass are defined as Lp =
√
~G
and Mp =
√
~/G, respectively. Moreover, for simplicity
we neglect irrelevant numerical factors of order one and
restore them only when needed.
II. CORPUSCULAR BLACK HOLES
The concept of corpuscular black hole is based on the
idea of self–completion by classicalization [25–27], accord-
ing to which a theory can complete itself at some energy
scale by producing states of high–multiplicity made up
of the same low energy degrees of freedom. All the con-
stituents are soft and still weakly coupled, while their
collective behavior can be strong and result in a quasi–
classical state due to the very high number of quanta.
A. Classicalization
As argued in [5, 25, 28, 29], Einstein’s general relativ-
ity is an example of theory which can classicalize and
for which the many–particle states would correspond
to (corpuscular) black holes made up of a very large
number of weakly–interacting soft constituents.
We can illustrate such a phenomenon by adopting a
particle physicist point of view and making use of the
Hoop Conjecture [30] according to which black holes can
be formed in a scattering process between two particles
if the impact parameter satisfies r . GECM where ECM
is the centre–of–mass energy. Classicalization states that
a corpuscular black hole can be created in a 2→ N scat-
tering process with a final state containing N  1 soft
weakly–interacting quanta of wavelength λg ∼ GECM
or, in other words, of energy mg = ~/λg ∼ M2p/ECM .
Note that, by imposing the conservation of energy,
ECM = Nmg, we can write N = E
2
CM/M
2
p .
The gravitational interaction is derivative in nature,
therefore we are allowed to define an effective quantum
coupling for one single momentum exchange, ~/λg, as
follows [5]:
αg ≡ ~G
λ2g
=
L2p
λ2g
=
M2p
E2CM
=
1
N
, (1)
which represents the self–coupling for each constituent
and is always less than one as N  1. Moreover, we can
also define a collective quantum coupling associated to
the whole final N–particle state:
g ≡ Nαg = 1 . (2)
The last equation is the essence of classicalization: all
interacting quanta remain weakly–coupled among each
other but their collective behavior can be strong and
exhibit non–perturbative features.
So far we have used the word ”quanta” without specify-
ing their real nature, indeed they could be either baryons
or gravitons, and their number depends on how the final
state has been formed. In what follows we assume that
all the constituents are pure gravitons since the number
of baryons is always negligible and not relevant at least
for the purpose of this paper. In relation to this, let us
mention that in Ref. [31] the roles of both matter and
gravitons in a gravitational collapse were discussed, and
it is was shown that the numbers of gravitons N is always
a lot larger than the number of baryons NB , indeed one
has N ∼ N2B(mB/M2p )2  NB , with mB < Mp being the
mass of a single baryon. For instance, for a solar mass
compact object, M ∼ 1038Mp, we would have NB ∼ 1057
and N ∼ 1076.
B. Self–sustained gravitational quantum state
Let us now show that it is indeed possible to form
a gravitationally bound state of many gravitons whose
number can be arbitrarily large. Given a system of N
weakly–interacting soft gravitons of wavelength λg =
~/mg  Lp, the total mass is
M = Nmg, (3)
and each graviton interacts gravitationally with the oth-
ers N−1 ' N through the potential Φ(r) = −GNmg/r .
Moreover, from the classicalization argument we have
learnt that the wavelength of each single constituent is
of the same order of system’s size, therefore the bind-
ing energy felt by each graviton reads Ug = mgΦ(λg) =
−N~αg/λg, while their kinetic energy can be approxi-
mated by Eg ' mg . By imposing the energy balance
equation Eg +Ug = 0, we can find the necessary and suf-
ficient condition to form a self–sustained gravitationally
bound system [14, 28]:
mg − N~αg
λg
= 0 ⇔ Nαg = 1 , (4)
which is the relation (2). By using Eq. (1) we can write
the total mass of the system and the Schwarzschild radius
as
M =
√
NMp, Rs = 2
√
NLp . (5)
From Eqs. (4) and (5), it follows that the N weakly–
interacting gravitons (αg = 1/N  1) form a condensate
of attractive bosons, indeed they are soft and their
wavelength is of the same order of the size of the system
(λg ∼ Rs) . Moreover, their collective coupling g = Nαg
is always equal to one meaning that such a condensate
is stuck at a critical point of a phase transition [8].
3In the black hole corpuscular picture, the Hawking ra-
diation can be explained as a leakage phenomenon ex-
hibited by the system which is forced to lose quanta in
order to remain stuck at the critical point and balance
the collapse of the condensate [8]. Indeed, each graviton
has a non–zero probability of escaping from the bound
state due to the scattering with the remaining N−1, and
it is easy to understand that the energy and wavelength
thresholds are [5]
Eesc =
~√
NLp
, λesc =
√
NLp . (6)
The depletion rate Γ is approximatively given by a prod-
uct involving the coupling squared α2g, the characteristic
energy Eesc and the combinatoric factor N(N − 1) ' N2
(for N  1) [5], and after some simple algebra one can
show that
Γ =
~√
NLp
+O
(
~
Lp
1
N3/2
)
, (7)
where the second term is a higher order contribution
to 2 → 2 scattering containing three vertexes, it is pro-
portional to α3gN
2Eesc and represents a pure quantum
correction which is absent semi–classically.
By using Eq. (7), the evaporation rate of a corpuscu-
lar black hole can be expressed as a function of N and
understood as a loss of gravitons through the depletion
process:
N˙ = − 1√
NLp
+O
(
1
Lp
1
N3/2
)
, (8)
where the dot stands for derivative with respect to the
Schwarzschild time t. The higher order corrections in
Eqs. (7) and (8) play a crucial role for the resolution of
the information loss paradox as they can be interpreted
as non–thermal corrections which allow to recover consis-
tently the information in a finite amount of time [6, 33].
By making a comparison with the Stefan–Boltzmann law
of a semi–classical black hole, we can also define the tem-
perature for the condensate as a function of the number
of gravitons N :
TH =
~√
NLp
, (9)
which coincides with the Hawking temperature once we
explicit the mass through
√
N = M/Mp.
The presence of a quantum critical point naturally im-
plies the emergence of N gapless modes, as it happens
for any condensate of attractive bosons in proximity of a
phase transition [32]. In Refs. [8–10], by working with a
scalar toy–model it was argued that the N gapless modes
can play the role of holographic degrees of freedom which
carry the information stored in the system, and give a
microscopic counting of the black hole entropy:
S = N. (10)
III. EXISTENCE OF ECHOES
The main question we ask in this Section is – what
happens if we send a signal towards a corpuscular black
hole? To find an answer we need to understand whether
quantum mechanically the surface of a corpuscular black
hole is characterized by some non–vanishing reflection
coefficient.
A. Effective radius
In the semi–classical scenario, everything we throw
inside the black hole will never come out again because
of the horizon. However, in the scenario depicted above
it so happens that quantum mechanically there exists
no geometric notion of horizon, for instance soft quanta
can exceed the threshold energy and escape from the
bound state. This suggests that there is no physical
boundary which disconnects the inside and outside of
a corpuscular black hole. Therefore, we would also
expect that an ingoing particle could have a non–zero
probability of backscattering after having interacted
with a corpuscular black hole. Hence, the size of the
graviton condensate can not be strictly identified with
the Schwarzschild radius Rs =
√
NLp as there are
always quantum fluctuations which make the horizon
a fuzzy region. This can be physically understood as
follows.
Quantum mechanically black holes possess a non–zero
temperature (9) and, because of the quantum back–
reaction of the Hawking radiation on the black hole, a
distant observer at infinity would see a hot surface of en-
ergy E = M + δE, with δE ∼ TH ∼ Mp/
√
N being the
thermal fluctuation which vanishes in the (semi–)classical
limit. As a consequence, the size of the system would be
given by an effective radius R = 2GE = Rs + δR, with
δR ∼ Lp/
√
N, which can be also recast as
R = Rs (1 + ) , with  ≡ 1
N
 1 , (11)
where the 1/N corrections are intrinsically quantum
in nature and drastically distinguish the quantum
corpuscular picture from the (semi–)classical one. Only
in the semi–classical limit N = M2/M2p → ∞, R
tends to the Schwarzschild radius and we recover the
geometric notion of black hole with a horizon at Rs.
This is consistent with the fact that in this limit we also
have GδE ∼ GTH ∼ ~/
√
N → 0.
It is worthwhile mentioning that similar results were
obtained in [14, 15] by using tools of horizon quantum
mechanics [34, 35], through which a quantum wave–
function is associated to the location of system’s surface.
It was explicitly shown that the effective energy deviates
from the black hole mass by a Hawking mode energy
Mp/
√
N ; and analogue things were shown for the radius.
4Let us emphasize that the correction δR was defined
in Schwarzschild coordinates, but can be also expressed
in proper distance. By making a geometric computa-
tion, which is well justified as long as we are outside
the condensate, we can straightforwardly check that the
fluctuation δR = Rs/N corresponds to a proper Planck
distance: ˆ Rs+δR
Rs
dr√
f(r)
∼
√
RsδR ∼ Lp , (12)
where
f(r) = 1− Rs
r
(13)
and we have used N  1 (i.e.,  1).
Note that we can obtain the same result by reminding
that TH is the Hawking temperature as measured by an
observer at infinity, while the local temperature on the
surface of a corpuscular black hole reads
TR =
TH√
f(R)
∼ 1
2G
√
RsδR ∼ Lp
2G
, (14)
which means that locally the quantum back–reaction
causes Planck scale corrections, R = Rs + 2GTR ∼
Rs + Lp. In other words, Hawking quanta of wavelength
Lp (or mass Mp) are produced in the vicinity of the
surface and, indeed, define the thickness of the hot
membrane above the would be horizon.
What we have just discussed is consistent with the fact
that quantum gravity corrections are expected to become
important within a Planck length from the horizon as
predicted by the stretched horizon [37], ”brick” wall [36]
and fuzzball [21] models which share the common fea-
ture of a microscopic structure in the near horizon region.
Note that the radius in Eq. (11) can be also written as
only a function of the number of gravitons N, namely
R = 2Lp
(√
N +
1√
N
)
. (15)
This last expression is very intriguing as it explicitly
shows that the radius is invariant under the transforma-
tion N ↔ 1/N, which connects large and small scales.
Indeed, by writing R = Rs + λs, with λs = ~/M be-
ing the De Broglie wavelength of the entire system, the
transformation reads Rs ↔ λs. This peculiar symmetry
might have some important consequence and surely de-
serve future investigations.
B. Compactness
We now introduce the compactness parameter
µ ≡ 1− Rs
R
=

1 + 
; (16)
the smaller µ is, the more compact the system is. Note
that, the (semi–)classical black hole ( = 0) is the most
compact object that can exist in nature and is character-
ized by µBH = 0,
1 while in presence of quantum correc-
tions we have
µ '  = 1
N
, (17)
where to go from (16) to (17) we have used  = 1/N  1.
Therefore, the compactness parameter of a corpuscular
black hole assumes a very simple form and only depends
on the number of gravitons composing the gravitational
bound state.
The absence of a horizon also means that, in principle,
the surface of a corpuscular black hole is not a completely
absorbing membrane but can possess a non–vanishing re-
flection coefficient.
C. Reflectivity
Let us consider an observer who sends an ingoing wave
which can reach the surface of our astrophysical object.
For a (semi–)classical black hole, the wave never comes
back after crossing the horizon. However, if the central
object is horizonless, it may happen that a fraction of the
wave interacts with its surface, gains a non–zero probabil-
ity of being reflected and escapes to spatial infinity. Such
a process can be described in terms of a Schro¨dinger–like
equation
d2ψ(x)
dx2
+ [ω2 − V (r)]ψ(x) = 0 , (18)
where ω is the frequency of the wave ψ and x = r +
2GM log(r/2GM − 1) is the tortoise coordinate. We
do not write down the explicit expression of V (r(x))
which corresponds to the well known Regge–Wheeler (ax-
ial) [39] or Zerilli (polar) potential [40] for spin–2 pertur-
bations. Very close to the surface (and for   1) the
solution ψ(x) can be expressed as a combination of ingo-
ing and outgoing waves,
ψ(x) = Aine
−iωx +Aouteiωx , (19)
1 Classically, the presence of a singularity suggests that the quan-
tity Rs/R can also become larger than one, i.e., µ can be neg-
ative. Indeed, if we define R as the minimal radius contain-
ing some matter distribution, it so happens that after cross-
ing the horizon all matter collapses into the singularity so that
Rs/R → ∞. However, our point view relies on the fact that
physics at distances R < Rs can not be probed, thus Rs is
the minimal radius defining a physical boundary beyond which
no measurement can be made. In this sense, we assume that
Rs/R = 1 (µ = 0) corresponds to the maximal compact-
ness scenario, which is the case for (semi–)classical black holes.
See Ref. [38] where quantum mechanical arguments to prevent
Rs/R > 1 (µ < 0) were put forward.
5where Ain and Aout are the ingoing and outgoing am-
plitudes, respectively, and typically are complex and
frequency–dependent. We can define the reflection prob-
ability
|R(ω)|2 =
∣∣∣∣AoutAin
∣∣∣∣2 , (20)
which is also known as reflectivity, and it is equal to
zero in case of total absorption (Aout = 0) and to one
in case of perfect reflection. Analogously, we can define
the absorption probability as |T |2 = 1 − |R|2. More
generally, the reflectivity of an object includes both
elastic and inelastic contributions: the former refers
to backscattering happening in the outside region, for
instance after hitting the surface; while the latter to
waves which can pass through the surface, interact with
the interior and come out again [41].
We can estimate the reflectivity in Eq. (20) by noticing
that it must coincide with the probability of backscatter-
ing [42] which, in turn, is proportional to the product
of interaction probability, Pint, and escape probability,
Pesc :
|R|2 = Pint · Pesc . (21)
In our framework the relevant degrees of freedom are
soft gravitons which populate both the interior region of
a corpuscular black hole and its atmosphere (Hawking
radiation) up to the surface whose structure is made up
of quanta of local wavelength Lp. Thus, since we are
mainly interested in gravitational perturbations to the
system, the relevant process that can take place is given
by scattering of an incoming graviton with the gravitons
living either inside or outside the system.
Let us compute the reflectivity for both elastic and
inelastic cases, separately.
• In the elastic case, Pint(ρ) corresponds to the prob-
ability of an infalling graviton to interact with
Hawking quanta during its trip from some proper
distance D  ρ, that we can assume to be D =∞
(without any loss of generality), up to a proper dis-
tance ρ ≥ Lp from the would be horizon. The satu-
ration ρ = Lp corresponds to the time at which the
incoming graviton hits the surface. More specifi-
cally, the interaction probability is defined as
Pint(ρ) =
ˆ ∞
ρ
dρ′
dPint(ρ
′)
dρ′
∼
ˆ ∞
ρ
dρ′ σ(ρ′)n(ρ′) ,
(22)
where σ(ρ′) is the cross–section and n(ρ′) the den-
sity of Hawking quanta at the proper location ρ′.
At the leading order it is sufficient to consider
2 → 2 scattering processes and, for simplicity, we
also assume that the final energy of each scattered
particle is equal to its initial value.
By working in the centre–of–mass frame, the cross–
section reads [42]
σ(ρ) ∼ G2E2CM ∼
L4p
ρ2
~ω
TH
, (23)
where ECM(ρ) ∼
√
T (ρ)~ω(ρ) and we have used
the fact that the local energies of Hawking quanta
and incident graviton are T (ρ) ∼ ~/ρ and ~ω(ρ) ∼
Rs~ω/ρ, respectively.
The number density of gravitons in the radiation is
n(ρ) ∼ T (ρ)
3
~3
∼ 1
ρ3
, (24)
so that after integration we get the following ex-
pression for the interaction probability (22):
Pint ∼
L4p
ρ4
~ω
TH
. (25)
Furthermore, the probability Pesc is proportional
to the solid angle ∆Ω(ρ) under which particles of
wavelength λ  Rs (geometric optic approxima-
tion) can escape from the compact object [41–43]
Pesc ∼ ∆Ω(ρ) ∼
(
ρ
Rs
)2
. (26)
Note that in the opposite regime (λ & Rs) a wave
would lay on a region larger than the central
object’s size, so that the previous formula would
lose physical meaning. In fact, most likely such
long wavelengths waves would be able to escape
after having interacted, i.e., we can write Pesc ∼ 1.
We now estimate the total elastic contribution to
the reflectivity in two different regimes. For incom-
ing energies ~ω  TH (high frequency) Eq. (26) is
valid and we obtain
|R|2 ∼ L
4
p
R2sρ
2
~ω
TH
∼ L
4
p
ρ2λRs
, (27)
which can be of order one only when
ρ2 ∼ L
4
p
λRs
, (28)
with λ = 1/ω being the incoming graviton wave-
length. Since λ > Lp (i.e., ~ω < Mp) and Rs  Lp,
Eq. (28) gives ρ < Lp which, however, can not hap-
pen as by construction ρ ≥ Lp. Therefore, we have
learnt that for incoming energies larger than Hawk-
ing temperature the probability of backscattering is
very low,
|R|2 . 1√
N
Lp
λ
=
1√
N
~ω
Mp
 1 . (29)
6Whereas for energies ~ω . TH (low frequency) or,
in other words for wavelengths λ & Rs, the reflec-
tivity reads (Pesc ∼ 1)
|R|2 ∼ L
4
p
ρ4
~ω
TH
, (30)
which can be of order one, |R|2 ∼ 1, when ρ ' Lp
and ~ω ' TH . This means that an incoming gravi-
ton with energy comparable to the Hawking tem-
perature and that hits the surface of a corpuscular
black hole can have a probability of backscattering
of order one. It so happens that gravitational waves
emitted from binary merger have wavelengths of
the same order of the Schwarzschild radius, i.e.,
ω ∼ 1/Rs ∼ TH/~, which coincides with what we
would need in order to have a sufficiently large re-
flectivity. This is a remarkable result and opens a
new window of opportunity to test the corpuscular
picture with gravitational wave experiments, as we
will discuss below. It is also worthwhile emphasiz-
ing that to some extent our result agrees with the
approach in Ref. [44].
• We can now ask what happens to those gravitons
which failed to backscatter in the outside region,
namely whether they still have some chance
to backscatter after having interacted with the
interior (inelastic reflection). We expect such
a probability to be quite small because of the
very large number of states (∼ eN ) that such an
infalling quanta should explore before coming out
again.
Inside a corpuscular black hole the characteris-
tic length and energy scales are given by Rs and
~/Rs ∼ TH , so that we can estimate σ ∼ L2pαg,
n ∼ N/R3s and Pesc ∼ 1, which give
|R|2 ∼ L
2
p
R2s
∼ 1
N
 1 . (31)
We can also make a rough estimation of the rate
of interaction between the infalling graviton and
the N gravitons composing the system: Γint ∼
Nα2g~/Rs ∼ Mp/N3/2, where α2g is the interaction
strength, ~/Rs the characteristic energy scale and
N a combinatoric factor. This means that only
after a time ∆tint ∼ LpN3/2 ∼ LpM3/(M3p ) the
interaction process would become significant. How-
ever, such a time scale is of the same order of the
black hole life time, therefore for all practical pur-
poses the inelastic reflectivity turns out to be zero.
To summarize, we have shown that the reflectivity
of a corpuscular black hole can be of order one only
for infalling gravitons with energies ~ω ' TH and
that can travel up to ρ = Lp. This means that a low
frequency graviton can backscatter only after having hit
the hot membrane of a corpuscular black hole located
at R = Rs + Lp (in proper distance). This is also
consistent with the definition of reflection coefficient,
R = Aout/Ain, based on the decomposition in Eq. (19)
which is only valid close to the surface (ρ ' Lp). In
all other cases the reflectivity turns out to be negligible
and incoming gravitons get absorbed. Note that in the
(semi–)classical limit the above discussion would not
hold because in presence of a horizon no real surface
would exist and, consistently with the equivalence
principle, an infalling particle would feel no interaction
and simply get absorbed.
Let us emphasize that through our analysis we were
only able to make an estimation based on sensible phys-
ical arguments, and thus we have obtained an approxi-
mate expression of the reflectivity for an incoming spin–2
wave. However, in order to confirm and strengthen our
conclusions a more rigorous study is surely needed, to
include also perturbations of different spin. For instance,
in Ref. [44] it was argued, in a different context, that
any low frequency ~ω . TH would be characterized by
a large reflectivity. We expect to find a similar behavior
by making a more accurate analysis.
D. Echoes
It is now clear that quantum mechanically a black
hole has to be thought of as a horizonless gravitational
bound system whose surface is characterized by a
non–zero reflection coefficient. Indeed, unlike high
frequency modes (~ω  TH) which would excite the
degrees of freedom on the surface and get absorbed,
it so happens that lower frequencies (~ω ' TH) can
have a high probability of backscattering. The main
physical implication of this feature is the production of
echoes [22–24] whose amplitude is roughly proportional
to the reflectivity. In the absence of a horizon, indeed,
waves can be trapped between the two potential barriers
located at the surface and at the photon sphere, and
periodically come out with decreasing amplitude in time.
See also Refs. [41–60] and references therein for recent
theoretical and phenomenological studies on echoes from
black hole mimickers.
A typical physical configuration in which such a phe-
nomenon becomes relevant is during a binary merger. If
the resulting object is devoid of any horizon (for instance
a corpuscular black hole), the corresponding waveform
will be characterized by additional periodic pulses
after the prompt ringdown [22–24], thus representing a
smoking gun signature of quantum effects at the horizon
scale; see Fig. 1 for an illustration.
A crucial physical quantity is the period techo that cor-
responds to the time for the roundtrip from the photon
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FIG. 1: Illustration of an echo signal; techo ∼
√
N logN is the
period in units of Planck length, where N is the number of
gravitons.
sphere to the surface; in the  1 limit it reads [22–24]:
techo = 2
ˆ ∼3GM
Rs(1+)
dr
f(r)
∼ −2Rslog  , (32)
where f(r) is given in Eq. (13). The echo time for a
corpuscular black hole can be expressed in terms of the
number of gravitons N, and by reinserting the correct
numerical factors we get
techo = 4Lp
√
N logN , (33)
The above functional form suggests that the number of
gravitons N controls the rhythm at which a quantum
black hole relaxes after being perturbed; see Fig. 1.
Very interestingly, the echo time turns out to be of
the same order of the scrambling time which is given
by tscr = (~β/2pi)logN where β = 1/T, and that cor-
responds to the time needed for the information con-
tained in a perturbation to spread among the N degrees
of freedom and get lost in the system [12, 13]. Indeed, in
Ref. [11] it was explicitly shown that the scrambling time
of such a graviton condensate scales logarithmically with
N, i.e., tscr ∼ RslogN, and since ~β ∼ Rs ∼
√
NLp, it
follows
techo ∼ tscr . (34)
It is worthwhile mentioning that such a common feature
between echoes and scrambling in the context of Planck-
ian corrections at the horizon scale was pointed out for
the first time in [24] and further investigated in [61].
Before concluding this Section, let us mention that
strong claims have been made on the detection of echoes
in some gravitational wave event, but the debate is still
open and of course more work is still needed in order
to reach a final conclusion [24, 47, 62–64]. However, we
would like to emphasize that gravitational wave astron-
omy could offer a new window of opportunity to test
models of horizonless compact objects, and in particular
the black hole corpuscular picture.
IV. –PARAMETER AS A QUANTUM
COUPLING
In this Section we aim to discuss a novel feature
which can uniquely distinguish corpuscular black holes
from other kind of horizonless compact objects already
existing in the literature. The key physical quantity of
our above analysis was  introduced in Eq. (11), which
coincides with the compactness parameter as we are
working in the limit  1, see Eq. (17).
As mentioned in Ref. [50], one of the most outstanding
problems in the context of horizonless compact objects
is the fact that  is often a fixed parameter and not
derived from first principles. Classical black holes are
very special because the mass M is a free integration
constant, therefore the Schwarzschild metric can describe
black holes of any arbitrarily large mass. However, in
the case of horizonless spacetimes it often happens that
to describe some specific matter configuration or physics
beyond Einstein’s general relativity one is forced to
introduce a new physical scale on which the parameter
 will depend. As a consequence the range of possible
values over which the mass can run is limited, so that
there exists a critical mass value above which the horizon
can not be avoided2. The only way one can resolve
such an issue is to have a mass–dependent compactness
parameter so that by increasing M also  will change in
such a way to preserve the ”no horizon” condition.
Most of the approaches lack of a supporting consistent
quantum theory and rely on approximate geometric
descriptions in which the Schwarzschild metric is modi-
fied for radii r ≤ R, where R is the size of the object.
However, we want to stress that there is no reason why
quantum effects should simply act as modifications of
the spacetime metric, indeed we believe that such a
way of thinking does not capture the real quantum
nature of the gravitational interaction. In fact, in order
to make a fully quantum treatment we should assume
quantum effects to take place on the top of the geometric
background.
The corpuscular picture can successfully fit in the
above discussion, indeed the compactness parameter
of a corpuscular black hole is characterized by the
following unique functional dependence: we have
 = 1/N = M2p/M
2, and the ”no horizon” condition
2 Namely, if g00 = −(1 + 2Φ) and g11 = (1 + 2Ψ)−1 are the two
metric components, it can happen that for some critical value
of the mass 2Φ(r∗) = −1 and 2Ψ(r∗) = −1 which imply the
existence of a horizon at r∗.
8can be preserved for any finite M (or, equivalently, for
any finite N). Let us also emphasize that the specific
dependence on the mass squared inverse is the only
possibility that would correspond to a proper Planck
distance from the would be horizon. Any other inverse
power 1/Mn with n 6= 2 would give different results for
the proper distance in Eq. (12) which, instead, would
depend on the mass itself and not be simply a constant
proportional to Lp.
The corpuscular picture is even richer, indeed by using
the relation αg = 1/N, the quantity  simply becomes
 = αg ≡ quantum coupling , (35)
which tells us that the –parameter, or in other words the
compactness, coincides with the quantum gravitational
coupling αg(Rs) = 1/N evaluated at the energy scale
~/Rs, see Eq. (1). It physically means that the com-
pactness of a quantum black hole is solely controlled by
the interaction strength between gravitons: the stronger
the interaction is, the less compact a corpuscular black
hole will be. It goes to zero only in the semi–classical
regime where the intrinsic corpuscular quantum nature
is obviously absent. This is a remarkable result and
could be a very general property of quantum black holes,
that is physically the –parameter is in one–to–one
correspondence with the quantum interaction strength
of its microscopic degrees of freedom.
In this respect, the  → 0 limit, or in other words the
1/N  1 corrections, could be understood analogously
to the ’t Hooft limit in QCD [65] and, this peculiar as-
pect will surely deserve further investigations; see also
Ref. [66] for an explanation of the close analogy between
the semi–classical limit of black holes and the ’t Hooft
limit. Recently, an effective field theory approach was de-
veloped to study horinzonless astrophysical objects and
echoes [67]. A similar framework might turn out to be
very suitable in order to treat quantum effects at horizon
scale and show that the –parameter is energy (mass)
dependent and can run with it. We leave a concrete re-
alization of such an idea for future works.
V. CONCLUDING REMARKS
In this paper we explored novel aspects of the
corpuscular quantum picture of a black hole by under-
standing what happens to a signal that is sent towards
a corpuscular black hole. Quantum mechanically there
exists no geometric notion of horizon and because of
quantum back–reaction the size of the system is given
by an effective radius which turns out to be slightly
larger than the usual Schwarzschild radius. This feature
drastically discriminates between (semi–)classical and
quantum black holes, and has very powerful implications.
In the absence of a horizon, the surface of a cor-
puscular black hole turns out to be characterized by
a non–zero reflection coefficient which remarkably can
be of order one for infalling gravitons with energies
comparable to the Hawking temperature. Whereas in
all other cases the reflectivity turns out to be equal to
zero for all practical purposes as it is proportional to
negative powers of the entropy.
The main physical consequence of this property is
the existence of periodic echoes whose time scale is of
the same order of the scrambling time of the system,
and that can be expressed simply in terms of the
number of gravitons, i.e., (in units of Planck length)
techo ∼
√
N logN.
Current experiments on binary mergers and gravita-
tional waves are seeking for this kind of effects beyond
Einstein’s general relativity; in fact, the time scale of the
delay between echoes is now an accessible measurable
quantity to LIGO/LISA [50, 59]. Therefore, there
are stimulating hopes that the black hole corpuscular
picture can be really tested in future gravitational wave
experiments.
We also discussed on a remarkable property of corpus-
cular black holes which distinctly distinguish them from
other existing models of horizonless compact objects. We
noticed that the –parameter coincides with the quan-
tum coupling αg, suggesting a very intriguing connection
between the quantum structure of a black hole and its
compactness. When αg = 0 (N → ∞) the quantum in-
teraction among its microscopic degrees of freedom van-
ish and we consistently recover the (semi–)classical black
hole limit in which  = 0. Therefore, the presence of such
a quantum nature is what controls the compactness of a
corpuscular black hole, offering a natural mechanism to
avoid the horizon only based on first principles of general
relativity and quantum mechanics combined together.
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